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' FORZWORD

This report was prepared by the Inglewood Laboratory, AMrcraft System
Division of Thempson Products, Inc. under USAF Contract No. 33(616)-3729.
The contract was initiated under Project No. 3048, "Aviation Pusla",

Task No. 30178, "Rffect of Fusl Properties onm Fuel Systems®, It was ad-
miniatered under the direction of the Propulsion Laboratory and Matarials
Central, Dirsctorate of Advanced Systems Technology, Wright Air Develop-
ment Division, with C. R. Hudson, J. H, Jchnson and Lt. T. L. Gossage
acting as project enginesrs,

This report covars the work pesrformed during the period Fabruary 1955
to Dacember 1958, ’ '

L. A. Schlagel was the project manager for Thompson Products, Inc,

and B, Findl, H. Brande and H. Pdwarda conducted the experimental work
at the Inglewocd Laboratory, Inglewood, Celifornia,
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ABSTRACT

The purpOSe of the program was to datermine certain phyaical and thenmo-
dynamic properties of four sslacted aircraft fusls, These fusls wers MIL~P-
5624C Crade JP-/, & MIL-F-25558 Grade RJ-1%, MIL-F-25656 Crade JP-6-H, and
Decalin, a commercial hydrocarbon mixture of the cis and trans isomars of
decahydronapthalena.

Spécific proparties avaluated were:

1. xquilibrium solubﬂity of air, nitrogen and at.hano in the JP-;
and RJ-1 fuals,

2. Effact of dissolved alr, nitrogan, and ethans on the viscosity
of the JP-/ and RJ-—I fuels,

3. Effect of dissolvad ethane on danaity of the JP-4 and RJ-1
funls,

L. Effact of pressure level, agitation rate, and rate of prassurs
change on the evolution rate of air and ethane from ths JP-4 and RJ-1 mals. .

5. Thernzodynamic proparties of each of the four test fuals in- °
cluding specific heats, anthalpy, and entropy.

6. Vaporization characteristics of each of the test fusls includ-
ing vepor pressurs, equilibrium vaporization curves, minimum reflux curves,
‘variation of vapor molecular weight during minimm reflux distillations, and

-variation of density during minimm reflux distillaticns,
7. Variation,of 1iquid density as a function of temperature.

8. Literaturs survey correlation ccmpilétion for the determination
of physical and thermodynamlc properties of petroleum fuasls.

#Pormarly dssignated as Shell UMF, Grade C.

PUBLICATION REVIEW o
‘This report has been reviewed and is approved.

FOR THE COMMANDER: -

m. ’? ‘12L&~u~uau~v\4'
M. P. IRRDUM
- Chiaf, Fuel & Lubricant Branch
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Matarials Cantral
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CEl#HAL THTRCDUCTICH

This report is presented in Vfivve Parts:
PART I - BQL’ILIERIUVX QOUJBILITY

“Tke equilibrium solubility of air, nitrogen and ethane and
their effect c¢n viscosity wers determined foar an RJ-1 fuel,
In addition, thn equilibrium solubility of ethane and itso
effect on viscosity in a JP-j fuel were determined, Part I
includes gereralized correlations for extension of the data
to other fuels of the seme type. Studies of the equilibrium
solubility of air, mitrogen and carbon diaxide in JP-4 are
also reported, These studies performed at the West Coast
leboratory prior to this program were reported to ths Coordi-
nating Pesearch Council at an earlier date,

PART IIX - EVOLUTICN RATE STUDIZES.

Trhis second Part iz concerned with non-equilibrium evolution
rate studies on JP-4 and RJ-l fuals, The studies were ac-~
camplished through the use of a simulated aircraft fuel tank,
Rate of pressure change, agitation rate and pressure level
arc the variables evaluated., It became incrsasingly evident
during this phasa of the program that the phencmsna of evo-
lution is extremely camplex. While the study results report-
ed are informative, it has not yet been possible to correlate
the data and evolve a definite statement regarding non-
equilibrium evolution, The teat program has shown however,
that certain variables are probable controllable variablea.

PART III - VAPORIZATICN CYCLE AND THE THERMGDYNAMIC PROPERTIES OF
- JP-4, RJ-1 AXD JP-6-H,

Certain thermodynamic and physical properties of each of ths
test fuels are described in Part III, Emphasis was placed on
the conegtruction of entropy~temperaturs charts. The use of
these charts for the study and evaluation of petrolsum frac-
tions of the JP and RJ variety is discuse=ed.

FART IV - VAPORIZATICN CYCIE AND TEBRMCUYNLI{IC PROPERTIES OF IECALIN

Cortain thermodynamic and physical properties of Dacalin are
descrited in Part IV.

Mamiscript relsussd by suthars Saptember 1560 for disbribution as a Technical
Rsport.
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PART V - GENERALIZED THERMGDYNAMIC A'HD> PHYSICAL FROFERTIES OF PETROLEUM
' TYPE FUELS. ’

Part V 18 a campilation of various physiochemical correlations
taken from available literature, Considerable effort went into
the evaluation of a great variety of this type information re-
ported in technical journals, The charts presented in Part V

are believed the most accurate and suitable correlations publishe
ed to dau. B » ’ ’ '

This Final Technical Report is treated in five Parts, A general Table of
Contents, and List of Illustrations appears at the beginning of the report.
A list of Symbols for each part appears at the end of that part; reference
follow each part. An individual set of celculations and an Appendix are
also included where applicable,

The overall research progrem, as initially proposed, ‘was designed to provide

information for variocus aspects of the SMbl Navaho Program, MNumercus changes
were made and modifications incorporated during the life of the program,
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PART I EQUILIBRIUM SOLUBILITY
- INTRODUCTION

An enginééring report,' Ing. Er. No, 183, was published by Thompson
Products West Coast Laboratory on August 19, }3955. This report was
concerned with gas solubilities in selected military fuels, The

studies were performed under an Air Force contract, After the pub-

lication of this report, interest in a new fuel, RJ-1%, and a pressur-
izing gas, ethane, arose. An investigation of gas solubilities in
these two military turbine fuels and the effect on viscosity then was

. conducted. The research results of this investigation, conducted under

contract No. AF 33(616)3729, are presented herein.

OBJECTIVE

The investigation was made for the following purposes:

1) The determination of equilibrium solubility of ethane
in a JP-4 fuel at temperatures to 500°F and at pressures
to 400 paia,

2) The deterr_ninationb of equilibrium solubility of nitrogen,
.air, and ethane in RJ-1 fuel at temperatures to 500°F
and at pressures to 400 psia, and

3) The determination of viscosities of both JP-4 and RJ-1
fuels as functions of temperature and dissolved gas
concentrations.

SUMMARY

- The test results indicate that the sclubility of nitrogen and air, in the

RJ-1 fuel, increases with rising temperature. The salubility of ethane,
in both the JP-4 and RJ-1 fuela, decreases with increasing temperature.
The solubility of ethane was lower in the RJ-1 {uels than in the JP-4
fuels, '

* Former designation, Shell UMF, Grade C.
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Apparent irregularities in air solubility at 300°F and 400°F, were
observed in both fuels. These jrregularities are believed to be caused
by oxygen-consurning chemical-reactions such as gum formation.
Similar irregularities were reported previously. See Reference 1.

. METHOD AND PROCEDURE

TEST APPARATUS

Figure + 1 i3 a schematic of the Test Apparatus designed and built

by the West Coast Laboratory of Thompson Products, Inc. This unit
wag used to determine liquid viscosity, gas solubility and fuel expansion.
The test cell is further illustrated in Figure 2.

In general, the methods and procedures described in Reference 1 were
followed. Certain small changes in procedure and test instrumentation
were incorporated to improve accuracy.

The test sample was contained in the inner, true-bore glass tube of
the cell as shown in Figure - 3. This tube also contained a glass
ball which was 0. 0083 inch smaller in diameter than the tube. Installed
adjacent to the tube in the cell was a steel scale which indicated the
total fuel volume at test conditions, with an accuracy of 40. 3 per cent.
Encasing the inner cell was an outer glass tube. The heating fluid was
circulated through the annular space bet-vc2n the two tubes. The fluid
was a high-flash-point, water-white, mineral oil to which a flash
inibitor had been added.

The ends of both tubes of the test cell were plugged with invar metal
end-caps housing "0'" ring seals. Two "0" rings were required for each
end of the inner glass tube. A suitable compound for use in contact

with both the heating oil and the fuel could not be found. Silicone
Compound No. SE-360% "O" rings were used in contact with the heat

exchange oil. Silicone Compound No. 7180* "O" rings were used at
the point of contact with the fuel.

% Plastic & Rubber Products, Inc. - Identification Numbers
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The end caps were supported and spaced by a- steel sleeve., The slecve:
wis mounted on pivots so that the cell could be rocked for agitation of
the fuel and rapid dissolution of the solute, A spirit level was mounted
on the sleeve 80 that the angle of the tube was held constant thhm ¢t 30
scconds for viscosity mcasurement

Thermocouples were installéd in eac_h end of the test assembly to ‘
_measure temperatures of the heating oil, the liquid fuel sample, and
the vapor. Temperatures were indicated on a potentiometer with an
accuracy of :1°F. A transducer was used to measure the pressure in
the test cell. This transducer was'calibrated within ¢1 pei, To redure
volume external to the test cell, the transducer cavity was filled with
mercury. The external wlume v/as less than 0. 020.cubic.inch. A '
schematic diagram of the test installation is shown in Figure 1.

. Flexible metal hose was used to carry heating oil to the test cell in
order to allow for oscillation of the assembly during test. The hcatmg
oil reservoir contained thermostatically controlled, immersion-type
electrical heaters. Also installed in the reservoir was a water co1l
which was used for cooling. For thé high temperature run, additicral
electrical bayonet type heaters were installed in- hne.

The gas to be dissolved was contained in steel bottles. These
reservoirs were charged with pressurizing gas to approximately 700
psi'g.' They were immersed in an oil bath. The oil bath was maintained
at a constant temperature of 150°F +1°. A Bourdon tite-type pressure
guage, accurate to t1 psi, and a differential pressure transducer
calibrated to +1psi were used to measure the pressure in the steel
bottles. One reservoxr was used as a reference in order to utili ze a
differential-pressure transducer with a 0 to 200 psi range. To increase
the accuracy of the test results, this transducer was preferred to a
conventional transducer or pressiire guage having a 0 to 700 psi range.

Connections to the test cell viere made by flexible capillary tubing.

The cell, shown in Figufe © 4,.was used to measure the gas- -free
vapor-pressure of the fuel, The reflux column was cooled by a dry ice
and acetone bath, The cell could be sealed from the reflux column. A
hot oil bath was pravided for temperature control of the cell assembly
- as shown. Cell pressure was measured with the calibrated transducer
described above. Temperatures were measured by means of a thermo-
‘couple (and potentiometer).

WADD TR 60-767 5
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TEST PROCEDURE

Each test fuel was 3ubjected to the following physical and chemical in-
'apections_ in accordance with the applicable military sperification. '

' Distillation =~ = - per VV-L-791, Method 1001. 7
‘Gravity ; .= per VV-L-791, Method 401.3
Reid Vapor Pressure - per VV-L-791, Method 120l. 4

Initial oxygen and nitrogen contents of the fuels were determined by a
special laboratory apparatus which is shown ijn Figure 5. The fuels
were degassed by means of mercury pumps and the gases were stored
in separate burettes. After complete evolution of the gases, Orsat
analyses were made on the total gas sample collected.

Solutes of high purity were used in the investigation. Analyses of each
solute are presented in Table L '

The volume of the test cell and the gas reservoir were determined
independently by reduction of pressure in each ce!l to one-half atmos-
phere. The volume of gas removed was measured. Inasmuch as the
cells and the gas reservoirs were maintai ned at a constant temperature,
the volume of gas removed was a direct measurement of the cell volume.

The volume increase of the test cell due to thermal expansion at 500°F
was found to be less than 0. 3 per cent. This change in volume did not

significantly affect the calculations.
- The viscosity calibrations were reported previowsly. ' Sev Reference 1.

Solubility and viscosity measuruments were mace in the test cell bv
use of the following procedure: '

Before each run the test cell and ball were cleaned with a
sulfuric acid-potassium dichromate, glass-cleaning solution.
When required, the end caps were cleancd with hydrochloric
acid. All parts were thoroughly rinsed with water and acetone .

~and dried before assembly.

(9 A3
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The outer glass tube, and 'th' inner glaw tube contnm ng lh(-
'glags ball, were asvembled inside the metial spacer with one
of two end caps. At a known temperature i measured volume
of the fuel to be tested was placed in the cell.  The quantity was
adjusted so that the vapor-liquid ratio at the run tem pcx‘utl.rc

~ would be approximately 0.15, The second ¢nd cap then was
‘fastened in place. The ccll was placed on a test stand tnder a
vapor hood. The capillary gas line, the heating fluid lines,
and the thermocouple lcads were then connected. The fiel
temperature and liquid level in the ell were recorded. The
liquid level was indicated by a metal seale msxdc the cell, rcad
with the cell ina vertical position.

"The heating-oil circulating-pump and thc heaters were then
turned on and the cell oscillated to agitate the fuel. Run
temperatures were reéached in'10 to 50 minctes,

As soon as the cell was stakillzed at the run temperature
another liquid level reading was taken and the cell press.re and
temperature were recorded. The cell was then positioned at an
angle of approximately 15° above horizontal for the viscosity
determination; this angle was constant within + 30 seconds for
all mgaburemgnts :

After this measurement the cell was again set into oscillation.

A quartity of gas was metered throtgh the capillary-line valve
_into the cell. Thg flow-rate was adjusted so that the cell pressure
never exceeded the chosen pressure point by more than 5 ps:.
Agitation was continued for 10 miratec after the cell pressw.re had
stabilized. The liquid level, roll time, cell pressure, and the
pressure drop in the gas reservcir were recorded.

Additional gas was introduced into the cell and the atove prcaess
~repeatad until data, at a minimum of four pressure-levels, were
recorded. The highest pressure-level investigated was 415 psia.
This procedure was repeated at various fuel temperatures to

500°F.

The data obta.ned from tne ab’ne procedure were reduced in the
followirg marnner.

l.- 'Roll time was converted to absolate viscesity by use of a
calibration curve,

4. The calculations used in the reduction of the solubility data
are described in the solukilityv calculations,
wAOD TR £C-76T 7




SOLUBILITY CALCULATIONS

_The solubility calculations were based on Dalton's law of partial
pressures: Each constituent contributes to the total pressure a partial
pressure equal to the pressure it would exert if it'alone were present
at the given temperature in the volume occupied by the mixture.
Reference 3. From the meager quantity of mixture data availatle in
the literature, Dalton' s law appears to be quite satxsfactory for mixtyres
~at.pressured below 50 atmospheres. :

,Dalton,'.t; law can be expressed mathematically as follows:

Py = Z_Pi = P14 P2 # P3 em~evmmm-n Py ()
Vi L 3
Pi Vi = p; Tyi ) , . (2)
' Pi Vi\ o ~
pl Yl t < Pt Vt> . | :
. V.
By definition Z = PV  or similarly Zi = E} 1
’ - RT ‘ RT
P v
. t t
and 2, = —gT—
) [ Zi
P = Y Py \ z, , ' (4)"
WADD TR 60-767 8
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7/ - | -
A mmplexcd onck dlagram, as show-x bclow, will be used to 1lluatr4te '
the relationships derived from Dalton's law. . These relatxonshxps were
‘used to determine the solubilities of the threc solu.es fair, nitrogen
and ethane ) in the two solvents, RJ-1 and Jp- 4

~Sre —®)

(7 -

~—\

RESERVOIR A - RESERVOIR B

\TEST o - SUPPLY/

CELL ’ BOTTLE

It is evident that once Valves 2 and 3 have been closed, all gas lea\mb
Reservoir A must enter the test cell.

Reservoir B was used only to
provide a constant reference pressure.:
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The quéntity of gas entering the’kg‘:cll' can be expressed in terms of the
compressibility form of the equation of state.

AP, V., .

An = ‘ * ‘

r =

In order to determine the quantity of pressurizing gas that has been

dissolved, ‘all that is necessary is to determine the quantity of gas that

remains in the ullage. The difference between the quantity of pressur-
izing gas which enters the cell and that which remains in the ullage,
is the quantity added to the solution.’ :

g = An, - ;,“x’ ~(M
| To e';r'aluate Ny ‘Dalton's law is utiliied.
The equation
P = p +p #+p_ . (7

t,c x a F

which states that the total cell pressure is due ‘tovthe combined partial

pressures of the pressurizing gas, the residual-air partial_pressure.
and the fuel-vapor pressure. The fuel-vapor pressure and air-partial
pressure was assumed to be a function of temperature alone. :

P = Pro - (B, + Bp) (8)

The:calculatioﬁ of px €an be made when the cell préssure prior to the
addition of the pressurizing gas is known. '

WADD TR 60-767 : 10
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The quantxty of preasunzmg gas in the ullage can be determined
utilizing p,.

combining equations (5), (6) and (9),

‘-

na = P; vj _ px Vv ‘ ‘ L 7
d Zy RT; Zx KT, | ' (10)

The Ostwald coefficient is used to put Equation (10) into a more useful
form. The Ostwald coefficient is defined as the volume of solute,
measured at the temperature and pressure at whxch it is dissolved,
per unit volume of solvent.

’ Y
Ox = = S S : .
VL , | - (11)
n; Z,RT
Vg —3 X7V o : :
, - Px S (12)
Oy = nyg Zx RT,, ;
Px Vi, o (13)

Another useful form to express the quantity of Equation (1) is to state
the volume dissolved, per unit weight of solvent, measured at standard
conditions. : : '

WADD TR 60-767 " 11




yve = 4 x o L 14)
o L
w o= oV, I a5
o . mn, Z_ RT® R o
; - | , _

When air and nitrogen are used as pressur;zmg agents, certain minor
modifications of the foregoing equations are required. Dissolved air
has been arbxtranly defined as the combination of nitrogen and oxygen

dissolved in the solvent, not necessarily in the same ri.tio as found in.

the atmosphere. This definition is necessary due to the somewhat
greater solubility of oxygen, as compared to nitrogen, in hydrocarbon
fuels. '

When air is used as the pressurizing agent, Equation (8) simplifies to

Since air is already dissolved in the ¢ ..vent, Equation (6) must te
modified to include the gas initially dxssolved The total gas in the
cell at any time is defined by

n, = n_ + rid ) (18)

At initial conditions prxor to pressurxzatxoq from the reservoir thxs

becomes
= + :
¢ initial n, TN | (19)
"WADD TR 60-767 : 12




After gas has been added from the reservoir the total .fx‘_ir,in the cell
is the sum of that initially there plua that added from the reser voir:

n . n - _$An = n +n.+ An
t © 't initial - r- vy i T F {(20)

Combining Equation (18) and Equation (20) ‘.

ng = n, - n = ny+vr-1i’+Anr—.nv {21)

When nitrogen is used as the pressurizing agent a different correction
to Equation (8) is required. This is due to the fact that the air
initially in the cell ullage consists of approximately 21% oxygen and
79% nitrogen. Thus for nitrogen calculations, Equation (8) becomes

(22)

R. - (P + 0.2 pa)’

B, =

To summarize, the relationships used for air, nitrogen and ethane

solubilities are as follows:

Air
| ol .
o . < o Ted r\ 14.7 v, "initial | 14.7'L,a
a Zry ZrZ} - Ty initial T
(P, . .PplV, Z, Ty (23
Z Ty (Pr.c -PBF) VL
WADD TR 60-767 . 13
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Ve 0, T°(Pt, ¢ - Py)
| w - - T, P°
Nitrogen
o (p P B\ Y\, T Ve ninitiar M7 VI, N
°N ~ \ 4 Z'72 —T; - Ty nital T
_ , a1 IR
. E:t,c ‘(pf + 0.21 Pil);;v:v /'N T.V _
| Zy Ty | [Py, (o 0720 p, 0] V]
. J
ve Oy T° [Py o -(pg+0-21p,)]
woT T, PP

Ethane

[pt o P+ pa)] Ve 7z T,

(& v

e Ty [Pt c -(PF "Pa)] Vi,

WATD TR 60-767 I
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v O T [Piodeprn]

W T, 2P . (28)

The compress:bxlity factors of air a.nd nitrogen are nearly unity in the
range investigated and were neglected to sxmphfy the calcu!auon
Ethane compreuszhty factors were computed from data in References
2, 3, 4, and 5. The information contained in these References was
cross-plotted and converted to a form of the virial equation of state,
i.e.,Z=21+ B(T)P+ C(T)P + D(T)P3, Figure 6 shows the results
of the virial equation, plotted at the test temperatures. Figures =~ 7
through 9 show the values of the second, third and fourth virial
coefficients used.
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DISCUSSION.

The test results demonstrate the general trend indicated in Reference 1,
i. e., solubility decreases with increasing molecular weight of solvent
fuel, w0 C T S

As anticipated, ethane is extremely soluble ia the test fuels. Solubility

of this solute, as determined by the Ostwald Coefficient, is pressure

dependent. This is due to the large deviation of the ethane compressi-
bility factor from unity and the radical change {n liquid density caused
by this solute. The deviation can best be expressed mathematically.

o . Vd_‘“deRTv ,aL‘R'rv prL'"d
x V. P w w )

L x L L

X

(1

Differentiation of Equation {1) with respect to Py at constant
temperature results in ‘ -

K aox);_-‘f Razx> <9/L\.‘: /and> -
;<8PXA T- , L 39){ T, a.x /T,\alpx T (2)
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“Ideally,

(a d = a constant, (._.é____x__> B (_a______L\ - = 0ard thus
0L WO PSR N PR

x .

the change. of Ostwald Cocfficient with pr'es'sui-e is zero. In the casc
of the ethane Fuel A (JP-4) and the ethane - Fuel B (RJ 1) systems

a Zx \,and ‘ apL do not equal zero. Therefore, the _
9P, T %y /T

Ostwald Coefficient can increase or decrease with. pressure.. The slaope,

i.e.,/ 30 ) ,» 15 depcndcnt upon the rela!;i‘,nsh:.p ‘etween /~ , '7.2
\ P, / T ' ! B
“and Py’ Both Fuel A and Fucl B show deviations from ideality. Seec
Figures 12and 15. In thc low temperature rcg!on (100°F to ZUO‘SF), '

/ o 0x \ is negative. At the high temperatures, (300°F to 500°F)

( ° ox) is positive, indicating that in the 200°F to 300°F range
P ./ 1 ' ’

/ 90,

» = = 0: That is, a point is reached where the system behives
9P /1 | .

ideally. »
Air and nitrogen behave ideally in both JP-+4 and RJ-1 fuels, wkich

SR Y
“could be predxcted sxxme/ 3 \\} and ( L \ are both reariv
NCENY \ 9P 1

equal to zero. In the 200° F to 400 °F range thc apparent soluk.lit £,
air increases somewhat rapidly. This is due to a visible c hemica '
reaction (presumably oxidation) which causes formation of deposits. A

2ADL IR 60-767 . 17




v'true solution effect is not achieve'd. The 4'00°F runs on nitroge'n dov not

AO
follow the -T—- trend shown by the runs pcrformed at other tempcra-

tures. An explanatxon for this behavzor has not been deduced

' The solubility of various presaurizing gase‘a prescnt in the test fuels
were compared and are illustrated in Figures 10 and 11. Specific
information on carbon dioxide, air and nitrogen in JP-4 fuels was
obtained from Reference 1. The data has been extrapolated to the
critical temperature, since by de[mxtxon. the Ostwald Coeffxcxent must
equal 1. 0 at the cntxcal temperature of the solvent.

There does not seem to be any theoretical reason for the apparent
reversal of solubility of ethane, in Fuel B, with in<reasing temperature.
See Figure 11. Due to the method used in the evaluation of
solubilities, the ethane data at the higher temperatures is believed to

be accurate only to £+10%. * This deviation is a result of the compara-
tively large changes in compressibility factor resultmg from changes in
temperature and pressure. With this deviation , it is possible that the
Ostwald Coefficient does not fall below 1. 0 and a solubility reversal does
not occur. ‘

* The compressibility data is believed to be accurate to 0. 5%,
temperature instrumentation to 1. 0% and pressure instrumenta-
tion accurate to +1. 0%. However, a 1% temperature deviation
could mean a change of as much as 1. 5°F in the reservoirs. This
change could increase the compressibility factor deviation. In
the calculations, any error in compressibility factor is multiplied
due to the mathematical methods employed. Thus, from relative-
ly small instrumentation errors, large errcrs in results are
posexble

wADD TR 60-7{,7 | ’ | 13




Air and mtrol;e'x have compressibilities nearly equal to unity and are
relatively insznsitive to comprcsnibxhty difficulties, The data for
these ga ses -hould approach an accuracy of +2%.

The solubility data obtained in terms of the Ostwald Cocfficient are
shown in Figures 12 through 15. Figures 16 through = 19
show solubility, in terms of weight of solute dxssolved per we:ght of
solvent, as a Ium:txon of pressure. :

The effect of dissolved gases on the Viscbsity of the test solvents is
shown in Figures 20 through 23, - The ability of ethane to

lower viscosity is much more pronounced at lower- quuxd lemperatures.

 Figures 24 and 25 show the effect of dissolved ethane an the
density of the two test fuels, JP-4 and RJ-1.

WADD TR 60-757 ' 19
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SYMBOLS

" B,C, D, = Constants

n = Moles of prkeu'lurizing’gzn
O = Ostwald coefficient
P = Pressure

=  Partial pressure

, P

‘R = ~ Gas co_n-t‘ant:
T = Temperature |

-V = Volume
W =  Weight

- Z = Compressibility factor |
A = Change | .
P = Solvent density at charge

VADD TR 60-767 : 21




' SUBSCRIPTS AND SUPERSCRIPTS

ba'.i = Aif
¢ = - Cell
d = Solute’ dissolved
e = Ethane »
.f = ‘ Fuel
i o= Solute init;:;.lly aissolw)ed in solvent
| L: = - Liquid so’lvke’nt ‘ | ’
,‘N = Nitrogen
r = Reservoir
t = Total
v = . Cell ullagé or vapor space
x = Pressurizing gas
sr' = " Solute initially m v.apor space
z = Last constiguent
o = Staﬁda'rd covnditii‘ons
1,2,3 = . Constituents 1, 2, 3, etc. .
WADD TR 60-76') 22
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Figure No. 4 - Schematic of the Vaper Pi*essixm Measurement Device
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TABLE 1

. 1
SOLUTE ANALYSES |
1. AIR o | .
HZO - . : "0.0%byyvql\;‘me | {
co, 0.0
Illiminants o ) . | 0.0
0; B 21.‘;‘08 | |
co | - o0 |
Hydrocar$§ns 0.0 ,
N, 1892 ' :
2. NITROGEN 3
Purity (minimum) 99. 7%
3. ETHANE
Research Grade 99.9%
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PART II EVOLUTION RATE STUDIES
INTRODUC TION

This Part ie one of a series of interim reports, each of which -

is offered in partial fulfillment of Research Program AF 33(616)3729.
This program was initiated in June, 1956. The results reported herein
cover Phase 4 of the Research Program. Phase 4 represcnts a study of
the evolution rates of three pressurizing gases from two selected,
military fuels. The two fuels are: Fuel A, (JP-4) and Fuel B (RJ-1).

OBJECTIVE

The purpose of Phase 4 of the Research Program was to determine the
effect of fuel type, plus pressure- change and agitation rates,on the
evolution rate of three pressurizing gases. Test conditions simulated,
as closely as practical, conditions occurring in present aircraft and
missiles. Conditions anticipated in future aircraft and missiles were
also simulated and tests performed in this environment.

SUMMAR Y

Experimental data were obtained for the evolution rates of fovur,
systems: :

Air - JP-4 _ Air - RJ-1
Ethane - JP-4 . Nitrcgen - RJ-1

These tests determined that the evolution rate of ethane is consider-
~ably higher than that of alr. Further, agitation level has a pronounced

effect on evolution rate. The effect of pressure level on evolution

rate was not observable in the air-fuel systems, but was conspicuous

in the cthane-fuel system. : :
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Companson bctween the test dat:z and the work of Schwcitzer and
Szebehely * showed little correlatfon. This is believed due, at least
in part, to different experimental approaches and contro} of variables.

TEST EQUIPMENT AND PROCEDURE

The equlpment of this phase of the program was des:gned to simulate
an aircraft fuel tank. Certain environmental test conditions were then
imposed upon this tank. The conditions approxxmated those occurring
in high performance mxasxles and afrcraft.

Imtxally. it was mtended to schedule a programmed flight plan through
take-off and cruise, monitoring both evolution rate and tank. ullage
composition. One of the environmental conditions to be imposed on the
tank during the cruise portion of this simulated flight was heat. Skin
temperatures to 1000°F and pressures to 200 psia were to be investigated.
The tank ullage composutxon was to be monitored using a rapid-scan mass
spectrometer, Due to time and monetary considerations, this perticn nf
the program was deleted.

"~ The test tank, however, was ccnstructed tc meet the initial, severe
environmental conditions. The tank is contained ina stainless-steel
oven where radiant heaters (stainless-steel-sheath) supply the thermal
energy. A special steel test chamber was built to house the entire unit.
See Figures 26 through 29 for additional detail.

A considerable effort went into the development of a suitable means of
providing agitation. There appears to be no set standard of agitatior,
nor is there any approved teast method for simulating aircraft agitation.
Initially it was proposed to develop a stirrer-type agitator that did

not employ seals. Tank leakage could not ke tclerated tecause of the

* Schweitzer, P. H. and Szebehely, V., G. Gas Evolution in Liquids

and Cavitation. Journal of Applied Physics.  Valume 21. December,
1950, pp 1218 - 1224,

wADD Tk 60-767 . - 50




radiant heaters, even though provxsxonl for inertmg the oven spaCe were

provided.

The agitator that was developed was a prOpeller type. See F:gure 30,
The propeller was driven by an eccentric shaft and pinion device en-

closed in a bellows. . The entire construction was of stainless steel.

Trouble developed however, when the bellowa fai led repeatedly after a
short period of Operatxon.r

A second type of agitator was then developed. This agitator consisted

of a rocker mechanism which tilted the oven and tank about its center

of gravity. See Schematic shown in Figure 28  The amplitude of
deflection, measured at the end of the oven, is 3 L inch. The agitation
rate is varied by changing rocking frequency.b}' using different pulley
ratios, while using a constant speed, one-half HP motor. Four agitation
frequencies were arbitrarily chosen: 350 CPM, 240 CPM, 150 CPM and
zero CPM. This method of agitation proved feasible and was used to '
obtain the ‘data presented in this Supplement

A 35 liter axrcraft-oxy-gen-bottle was used as the vapor reservoir. The
bottle was connected to the tank with a flexible tubing line to damp the
tank vibrations. A sump container was inserted between the reservoir
and the tank to prevent any hquxd entrainment losaes from entering the

. reservoir.

Tank and reservoir pressures were recorded usmg pressure transducers

-and a light beam oscillograph. Tank and reservoir pressures were

monitored visually by means of pressure guages. Temperatures were
measured usingiron-constantn thermocouples and galvanometer read-
out instruments. All temperature measurements were recorded manually.
The tent¥procedure steps follow:

1. Flush tank with fuel to remove possible contamination.

2. Fill tank with fuel to prescribed level.
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3. Evacuate r_eu‘.-"ryoir.‘
4. Record initial conditions. - |

5. Preasurize tank to desired level ‘Agitate with- rocker to
speed dxnolutxon of preuurizing gas.

6. Measure and record the tank liquid and vapor temperatures,
plus the reservoir temperature, after equilibrium is
reached in tank.

7. Set tank agitation rate by pulley adjustment.
8. Turnon recording'instrurngntat'ion.

9. Vent into reservoir to drop tank pressure. Rate of pressure
drop is manually controlled for a linear decline.

10. Close vent valve when desired final pressure is reached.
11.  Turn off reéording instrumentation and note lemperatures.

12. Repeat steps 6 through 11, over the deau‘ed pressure range,
after equilibrium is reached in the tank.

Static equilibrium was evaluated by noting pressure changes. Initially,
if a pressure change was not noted within a 10-minute period, tank
‘equilibrium was assumed. This time period proved to be insufficient
and the procedure was modified to allow a minimum of 1-hour for the
system to come to equilibrium after a test run. Where air and nitrogen
were the pressurizing gases, a i-hour period was satisfactory. Ethane
required much longer periods of time, ranging from one to six hours.
This time period was dependent to a large degree on the previous rate of
pressure change. If the pressure change rate had been rapid, a longer
period of time would have been rcquu‘ed for the ethane fuel system to

achieve equilibrium.
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E VOLUTION RATE CALCULATIONS

The evolution rate calculations were based on a system weight balance.
The system consisted of a fuel tank and an evacuated chamber called

the reservou'. - See sketch below.

W ‘

Pressurizing
System

— ]

— Reservoir
L ] —— — P c

Fuel Inlet -—®— —_— — —

| _ "% To Vacuum

Tank

System

Note, from the above sketch, that when the vacuu.m system valve and
pressurizing system valves have been closed any gas or vapor that
leaves the tank must enter the reservoir. Expressed mathematically

| AP_V. . AP,V '
An, - X r _° Y .r 4+ An
T T TZ_RT Z, RT, e )

For the purpose of these calculations, Zr is assumed to equal 1. 0 at

pressures below atmospheric. This is approximately true for both the
fuel vapors and the pressurizing gases used in this study. For this
reason Zr has been omitted in all calculations.
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I evolution did not take place the'qué.ntity of pressufizing gﬁs and fucl
vapor leaving the tank would be a direct’ function of the pressure dxange

in the fuel tank

APV
v v

(2

A computation of the quantity of gas due to evolution may be made when:
1) the quantity of gas that comes out of the fuel tank due to pressure
change (excluding that due to evolution) and, 2) that quantity of gas
entering the reservoir due to both evolution and vapor- space loss is

known.

Ane = Anr - 'Anv = ‘73) )
AP V AP V
An = T . ' '
e Zx RTr | Z RT . | | (4)

At the reservoir pressures used, j.e., 0 - 10 psia, Zr? 1.0

AP V AP 'V
An - _l_ rr _ v v
e R T, " Z, T, . 5)
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The use of a }incar change ra.ii, i.e. ,’£ = K gives the evolution rate
for the total fuel charged. o ¢ .

an, 1 [2F5: Y BNl 6
t - R | T,  Z,T, | (6)

The weight of fuel chrged can be dete rmined, when the volume of fuel
charged and its density at the charge temperature are known.

Wsp-vi
e (7

_The evolution rate, to be of most use, should be based on a unit quantity
of fuel. Therefore the evolution rate per unit weight of fuel can be ex~
pressed as follows: :

An, APV, AP,V

. o 1 ‘ v
E = = - - — .
we ' i i T, Zv T, (8)

Due to practical difficulties, such as changes in density of the liquid
fuel due to temperature and pressurizing gas, certain corrections are
required. In the cases of air and nitrogen, the effect of the pressuriz-
ing gas on liquid density is negligible. In the case of ethane the effect
is greater and the correction required is of appreciable magnitude.

The fuel tank ullage was kept small, i.e., small vapor-liquid-ratio,
during all tests to maximize the effect of gas evolution. Therefore small
" temperature changes, although causing small changes in fuel volume,
caused relatively large changes in ullage volume. Using Bureau of
Standards reference data* for the volumetric expansion coefficient, a

>

* Cragoe, C.S. Bureau of Standards Misc. Publication No. 97. 1929.
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calculation of the change in liquid--fuel volume for. a temperature ,
change can be made. This calculatnon provxdes a means Ior computmg
the change in ullage volume. AR :

VaL = Vi OC (T~ T) | - (9)

Vi, = v, + vAL =V [1 i-d,'('-rL - Ti)] : (10)

<
< .
N

Ve Vp=Vi- Y E+ o (1, - ap] (m

Substituting this correction back into Elquatxon {8)

'Equation (12) was used for computing the evolution rates of air* in Fuel
B (RJ-1). An additional correction for vapo'r pressure i8 required in
the case of Fuel A (JP- 4) The correct.on factor for Fuel A is de~"
veloped later. ’ :

* The term air as used here denotes the mixture of oxygen and mtrogen
leaving the tank and entering the reservoir. Due to the somewhat
gelective solubility of the fuels, i.e., oxygen being more soluble -
than nitrogen, the actual gas evolved from the liquid will be some what

oxygen enriched when compared to the gas in equilibrium in the
vapor space. The deviations are small however, and for most
purposes negligible.

® Cragoe, C. S. Bureau of Standéxﬁs Misc, Publication No. 97. 1929,
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Due to the very high solubility of ethane in petroleum fuels, the liquid

- fuel densities deviate considerably with pressurizing-gas pressure-
level. The density-temperature effect is also amplified. This latter

. 'problem is due to the fact that the solubility of ethane, in petroleum

- fuels, increases quite rapidly when temperatures decrease from 7
ambient. Figures 31 and 32 show the density variation, due to
presaurxzmg gas pressure at various tempcrature levels, when equnhh-
rium condxt:ons are maintained,

A calcu!ation of the liquid and ullage volumes at #ny pressure level can
be made using this data and interpolating as required. This is done
using the weight of fuel charged from Equation (7), whxch remains

constant; and, the basic defmztwn of density, i.e., P= —- at any
condition. ' : :

1]

PiVi AL | (13)

Vi = _/Z'_‘ : - (14)
L ,
' oL (15)

Since the IOL value is at run-temperature condition, further temperature
correction (i. e., expansion coefficient correction) is not required.

In actual practice equilibrium conditions are not obtained diring a test
run except at the initial starting point, and prior to a decrease in
pressure. The deviation from equilibrium is a function of many vari-
ables. A few of these variables are; rate of pressure change, surface
area, viscosity and nucleation sites. To accurately obtain the dynamic
densities required for a rigorous calculation, quite elaborate equipment
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FUEL DENSITY ——-—b=

~would be required.. As correction for deviation from equilibrium is
just one of the correction factors, useful only on the ethane pressuriz-
ing system, it was felt that approximations were in order. The .
approximation consists of using the arithmetic mean density from
Figure 31 and/or Figure 32  when both the initial and final
equilibrium pressures are known. (Where the final pressure is that
pressure which the system finally attains after a pressure change).

The arithmetic mean was used for its simplicity and the fact that in
the pressure increments used, the density deviations are neatly a
linear function.

P
Vo = V-V | P PL2

’16)

Obviously under conditions of a pressure éha_nge at equilibrium, this
approximation becomes nearly exact. Under conditions of non- '
equilibrium the correction error increases to a maximum. This
maximum error should not exceed more than an estimated 10 per cent
of the change in density nor less than 1 per cent of the average density.
The diagram below may clarify this staternent.

M
{
Ll
L=
Kl
K .
J T
:
!
D _— > 5 R S
A B C
ETHANE PARTIAL PRESSURE w—e—
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'The curve E-H represents a typical density- pressl.rc plot similar to
Figures 31  and 32 obtained under equilibrium conditions. Curve
D-H and D'-H represent the plots ohtained by venting the tank from
pressure level "C' to pressure level "A" under non-equilibrium con-
ditions (D'-H being more rapid than D~H). Curve D-F represents the
change in density after the vent is shut and equilibrium conditions arc
obtained. The average density during a test run would be that deter-
mined by D or D' and H, representing pressures '""A" and "C", and
“densitics J, Lor K. As points D or D' are not easily obtained, usc is
made of points F or G, respectively. In the case of curve D'-H the
average densxty for a pressure change from "C" to "A'" can be expressed
‘as follows: ‘

A A AL pL,Zz’D.f+’ok' AL+ PLs
2 § Z

average = 2 T 2
(17
The wve rage density for curve D-H can be expressed similarly.
Substituting Equation (16) into Equation (8)
| i 2 v, /’
_ AP |V - .
1 Aprvr v ® ’0111 + /oLS »
—PiViRt T - - Z T :

In the case of Fuel A (JP-4), a further correction is required due to
the vapor pressure of the fuel. Fuel B {RJ-1), having a vapor
pressure below 0.1 psia at ambient tempe rature‘, was not corrected
for this factor.

The presence of appreciable percentages of fuel vapors in the ullage
requires some further modification of the hasic relationships derived
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in Equation (8) to take into account the partial pressure of the fuel.
Again rigorous calculations could not be used due to practical himifta-
tions; therefore certain approximations were used. Dalton's Law of
additive pressure is one of the approximations assumed.

The fuel-vapor correction would be relanvely simple to make if the
vapor pressure was not a function of temperature and equilibrium
achievement time. The equilibrium deviation is due to the fact that
after the tank is vented (as in a climb to altitude at constant guage
pressure), time is required for the liquid fuel to exert its full vapor
pressure. This is similar to ordinary evolution. The process of trans
ferring molecules from the liquid state to the vapor state is not instanta
neous. The pProcess requires a finite time. '

The total molal quantities entermg the reservoir are approxlmarely
defined by

_Anr = Anv.xi- Anv.f + An, ‘ (20)

An, = ‘Anr'-Anv.f - An

e= V) ' (21)
| Apy  V | |
an . A5 Ye | TPwx v oan | |
e . RT, - Ay Ry ’» ‘ (22)

When the vapor pressure is zero, Anf is zero. If the vapor pressure
- is finite, Ang , intreases toa hmxt as a function of time.

Evaluation of Ang,  is involved. Certain simplifying assumptions can be
made. The two extreme cases, assuming both to be without gas evelution,
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would be the followmg examples

Casel - Va.por pressure constant durmg a pressure ch.mge {climb).
‘ This condxtmn would be closely approxxmated inavery
slow pressure dr0p

Case 2 - A relativel'y long vapor-pressure-equilibrium time

‘ . causing the fuel-partial-pressure to drop in direct
proportion to the pressure decrease. This condition

- wauld be approximated in very rapid pressure drops.

In case 1, the ratio of moles of fuel vapor to total moles in the reservoir
would equal the ratio of the fuel-vapor-partial-pressure to the total
pressure. (Ideal conditions are applicable, inasmuch as the reservo:r
pressure is subatmospheric). Further the molal ratio would equal the =
ratio of the vapor pressure to the arithmetic average of the tank pressure
before and after a preasure decrease :

o Pf. t -
Anf- r _ pf, r ,Pt; 1 * P‘ 2 . v )
Bn P 7 - 2 . (23)
2P ‘
Ani' . = f. t Anr - Anf’ v
Peit Py 5 ] (24)

In case 2, the ratio of moles of fuel vapor to total moles 1n the reservojr
is equal to the ratio of the respective pressures. The condmons stated
for case 2 are quite similar to those of a tank containing only pressyriz-
ing gas and fuel vapor with little, if any, liquid fuel present. Therefore,
the quantity of gas leaving the tank is directly proportional to the pressure
change. The constituents leave the tank in the same prOpornons as thev
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éxilt in the tank.

}A’n.r - APf't - Apf,t
An AP P, - Pt',z

r t : t, (25)

Ap t' ¢ represents the partial preasure change of fuel vapor due to the

~change in total pressure. The smaller the value of the tank pressn,re,
the larger the value of Apf for a fixed pressure decrease. The

maximum value of Apf ¢ is equal to the vapor pressure.

For Fuel A (JP—4), the vapor pressure is approximately 1. 4 psia at
ambient conditions. The maximum pressure increment used was 15
pei and the minimum pressure was 20 psia. Under these conditions,
the maximum value of Ap, .. €an be determined as shown below,

assuming case 2 conditions exist.

Pr,e,1 _ Pre,2 |
Pe,t,1  Pxt,2 (26)
where
Pfy T 1.4 Py, 1 35-1.4 = 33,6 psia
pbf, 2 = Unknown pﬁct, Z = 20 - ’pft, 2

Solving Equation (26) by substitution gives a value of p . , = 0.8
?

= 1.4-0.8 = D.b psi

APg = Pr o1 " Ppr2 (27)
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- This représents the maximum deviation of vapor pressure than can
occur in the test system. ‘Since the pressure change is lmear, an
average vapor pressure can be used satisfactorily.

A"-f. r pf, r ’Avgvp f,t
Anr Pr .‘ptl-PtZ . A
2 o (28)

In the exafnple given, the average vapor pressure (pg RES
: . ] . : ’

_l__i_;__O__B_ = 1.1 pskia.
Comparing Equation (23) with Equation (28) one can see that the
deviation in vapor pressure and thus moles of fuel vapor entering the

reservoir might vary by a factor of roughly 25%. In actuality, the
variation is much less since neither extreme is realized in practice.
Further, since the Anf is a small fraction of n_» it was felt that the
variation was within a ;'natgin of experimental error. It was therefore
arbitrarily assumed that case 1 conditions were fully applicable and
the relations derived therefrom were used. Combining Equation {22}
and Equation (24), we obtain ' '

AP V_ Zp '
An = — r_r v,x v f t _
. e RTI‘ Z RT _ (29’)

Apv,x = px. 1 px, 2" t, 17 pf) B (p , 2 pf) = AP 1:‘v (30)
AP V APV 2p AP V
An = r r v v f, t rr
€ RTr v RTV pt, 1 pt, 2 RTr . {31)
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Combining Equation (16), bringing in the time and weight factors

“results in the overall relationship

- an, 1 AP_V_ . r 2p,,
, Wt V. RT T, ” t:t’ 1t P,
| AN
AP V - - —
S R T ¥ W &
z, T, (32)

The compressibility factor ‘Zv) is the mean compressibility of the
vapor mixture. Zv was assumed to be equal to the compressibilityof the

pressurizing gas as, in the regions where it becomes appreciable, the _
diluting effect of the fuel vapor is negligible. :

CONCLUSION:

For ethane, the relationship shown in Equation (32) was used. Equation
(12) was used for the air and nitrogen in Fuel B. The air, nitrogen-
Fuel A system required a further modification of Equation (32). The
expansion coefficient QL was used in place of densities.

An 1 1 AP .V ' 2p
E = e _ r T, . ________f______ -

- t .V.RT . . ¥ _

w px 1 Tr ' pt,l Pt,Z
sp, (v, v -1))
v (Vs i E+a"TL Ti)-_

ZV TV 33)
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The equilibrium rate of the evolution curve was derived using the

- Ostwald Coefficients obtained in Phase 3 of this program.

v Vv
O = v, W
w
oo g
AP V AP O_W
An = ‘ '
c Z RT Z,RT 7,
on AP o
C - [
t W - t Z RT A~
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"DISCUSS.ON

Experimental studies were purformed. The apparatus used to make the
studies is shown in Figures 26 through 29 All runs were made

at ambient temperatures (50°F to 90°F), Agitation was accomplished

by the rocking mechanism whose speed could be varied by changing a
pulley ratio. The agitation ampljtude was held constant at approximatc-
ly § inch as measured at the edge of the tank oven. A detailed descrip-
tion of the equipment and the procedure used is given in the paragraphs
entitled " Test Equipment and Procedure® Details of the method used
‘for determining evolution rate are given in the calculations. ~ Fipurcs
‘33 through B4  illustrate the experimental results. o

The following general statements can be made about the ajr-fucl
system: ‘ ‘

1. Evolution rate is a lincar function of pressure-change-rate
2. Increased agitation increases tle rate of evolution.

' The effect of air-préeéssure-level on cvolution rate docs not
appear to be appreciable, at Jeast to 00 psi. '

4, Evolution rate 1s a function of .-qu‘.librlum solubility, i.e.,
the greater the solubil:tv the greater the evelution rate.

5. Deviation from equilibrium increascs as the rare-of-pres ur- -
change increases.

The nitrogen-fuel system was not investigated very thoroughly. Itas
expected that the generalized statements made concerning the air-fuel
system are applicable to the nitrogen-fuel system.

The ethane-fuel system differs from the air-fuel system in one respedt
the ethane pressure-level greatly effects the evolution rate. This may
be due, in part, to the deviation from ideality of ethane. Another
factor in the ethane-fuel system that may affect the evolution rate 1s

the rather extreme change of viscosity and presumably, surface tension
‘with solubility; i. e., with partial pressure.

sl Ti 6C=7CT kb




A comparison of the air-JP-4 and the cthane JP-4 fuel- Syutcms. at low
rates of pressure change, shows that the evolution rate of air 1s
approximately } that of ethane. The solubxhty of air is, however, 1/20
that of ethane under the same conditions, This infers, of course, that
air can be removed from the fuel much more readily than ethane.

‘The effect of agitation on the fuel systems was fa.u'ly well defined
~except for the case of zero agitation. Figure 39 shows the extreme
variation of test results, It is believed that the large deviations are
due to our inability to obtain equilibrium under conditions o[ zero
agitation. »

Although all runs were made at ambient temperature, the temperature
varied approximately 5°F to 10°F during a test. Weather variations
during the test period covered the temperature range of 50°F to 90°F,
averaging roughly 70°F. These temperature variations are one cause
of minor deviations noted on the data plots. The effect of temperature
on evolution rate is quite appreciable in the ethane-fuel system due to
the large effect of temperature on ethane 5olubxhty and thus, fuel
viscosity and surface tension. '

The air-fuel system results obtained in this test are not in agreement
with those of Schweitzer and Szebehely. This is believed due, in part,
to the difference in agitation severity and the vapor-liquid-ratio used.

. Schweitzer and Szebehely used a shake-table type agitator with a 1-inch
- stroke and a vapor-liquid-ratio of 4:1. Work done.on the program
reported herein was accomplished with a rocking agitater with a 3-inch
maximum stroke and a vapor-liquid-ratio of approximately 1-10
Further 1aformation is given in Appendix I of this Part, on the

~work of Schweitzer et. al. The equations of Appendix I were cderived
by Staff Members of the Stanford Research Institute as part of a sub-
contract under the literature survey portion of this program .

The ethanc-fuel system is also not in agreement with the resclts
predicted by Schweitzer et al In this case an addit:onal factor adds
to the discrepancy; ethane does not follow Henry's Law as is required
1 the calculations of Schweitzer and Zebehely This factor shows up
in the effect of pressure level on evolution rate
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APPENDIX 1 DISSOLUTION AND EVOLUTION OF GASES IN LIQUIDS

(Developed by Physxcal Chemistry Staff of
StanIord Research Institute)

The following equations are based on the work of Schweitzer, et al., ¥
who found that the rate of evolution or dissolution of a gas from various
hydrocarbon fractions was proportional to the degree of supersaturatjon:

dv
_Assume rrak -k ’(v-ve)

L)

where K= pseudo first order rate constant, which is a
function of the direction of the process
(except very close to equilibrium), temperaturc,
nature of the gas and of the liquid, rate of
agitation, etc., but not of the pressure.

* Schweitzer, P. H. and Srebehely. Y. G. Gas Evolution in
Liquids and Cavitation, Journal of Apphed Physics. Volume 2].
‘December, 1950. pp. 1218 - 12 24,
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v = volumc of gas dissolved (measurcd at NTP) per
- volume of liquid, at time t,

volume of gas dissolved per: volume of liquid
that would be in equilibrium with thc pressure
p at timc t.

o
]

Also assume that the dxssolved ga.s 19 sufﬁcxently dilute 8o that
‘ Henry 8 law is obeyed:

Ve = hp | » o o - {2)

Case 1. Closed system, constant temperature. Att=o0, V= vy

and p = Pg (not in equil. with vg).

The material balance is'given by |

PV, + vV; = p¢ Vg + v V)

P-Pf=r(vf - v) ' (3)

where pg = final equil. pressure att = 20
vf = final equ‘il. volume / volume in the liquid
= total volume of gas phase
V)= total volume of liqﬁid phase
r= volume of liquid /’volume of gas

Substituting (2) and (3) into (1) (and noting v¢ = hpy)
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_-:—S— = k(1 + sh)(pg - p)

(4
Integrating (4) betweenp = py, t - oandp=pandt=t;
P P k(1 + rht |
=t . _ | |
Pf~Pg | e (5)

If the equation is desired in terms of po, the pressure in equil; with
the initial volumg/ volume, v, by material balance and Henry's law:

Pf -~ Pg= rhp, '-pr) B ] _ (6)
Substituting (6) into (5)

Pg-P -k(1 + rh)t
~——————— = hre

P, - Pfr » | ' ~ (5a)

Case II. Open system, constant temperature, linear time rate of
change of v,, equil. att=o0(ve =vg).
e

v = Vo + ol t . v (7)

(if, for example, there is a linear rate of pressure decrease of
z atmos/sec, o{_ = -hz) ‘ :

Substituting (7) into (1),
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dv L B )
T =v -kv+kv° + kt (8)

Equation (8) is a linear equation of 1st order with constant coefficients .
whose solution is ' : - :
v = ce® st L (ket- K2 Vo)

Ce-?(t + ot -%— oy

Att:bf v=vy JS=C = —%—- and

v-v_ =olt + i‘&.(e;kt -1)
o k B (9

'Notirig that v, - v, = -ct (eq. (7)), .equatior‘x (9) can be put in the
somewhat more useful form: ‘

v -
L o 1- e”kt) B
o Ve t , (9a)

The quantity (v, - v} / (v -~ ve) is the ratio of the gas actually evolvec
(or absorbed) to that which would be evolved at time t had equilibrivm
obtained. Equation (9) can also be written in terms of pressure:

-kt)

- e ) _
P, -pP 'E"(,l e (9b)
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If one is Interestzd in, or forced to measure, the total loss of gas from
~an "open' system (e. g., the loss from a tank partially filled wisth ‘

gasoline and equipped with a vent) the equation must be recast slightly.

Denoting the gas lost (measured at NTPj by G, a material balanre gives

4G dv 4
Lo v = -y, EP_
at 174 Veg,

4G . .y, dv_ dp
& -V dt ,VS»dt

Substituting from equation (8) and noting ol = -hz and x-ec‘.alling-:"iliE s-z,

R (< T v ey g
T = le (v »VQ C‘(t) ‘ h R

' =V
G _ -kt g
- =X V(e -1 —

Integrating
- v ekt vV et
G = —p— -Vt - + C
_ ocvl
Att=0,G=o0, .. C = T
~XV (v_+v) ,
8o G = 1 {1 -~ e'kt) - g ! ~_t ‘10,

In a somewhat more convenient form:

Vih 1 kt
= 1- R N R
- + V,h C okt
e Vg 1 _ . {10a)

G
G

where G, is the total loss of gas if eqizilibtium had obtained.
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. SYMBOLS

E = Evolution rate

p = Partial preﬁur_e
P = Preqéuié

R = Gas ¢a§.;an:

t = Time

T = "l‘er‘npe’x'-‘atuie

vV s Volume

W = Weight

Z = ‘ Compreésibility

‘©& = Liquid expansion factor
A = Change
/A~ = Density
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SUBSCRIPTS AND SUPERSCRIPTS

e: - Pressurizing gau evolving from liquid iuél
f = Fuel vapor
i = Initial liquid

L = "Liquid fuel

r = Reservoir
8 = System less reservoir

-t = Tank
v =  Tank vapor space

x = Pressurizing gas

>
"

Change
1 = Condition 1
2 = Condition 2

3 = Condition3
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PART 111'
VAPORIZATION CYCLE AND THERMODYNAM!C

PROPERTIES OF JP-4, RJ-1 AND A
SPECIAL FUEL DESIGNATED JP-6-H

INTRODUCTION

This report was first issued in January, 1958 as one of a sérles of
Interim Reports. The interim Reports were submitted to. anht Air
Development Center by Thompaon Products, Inc. We st Coast Laboratory
in partial fulf:llment of research program No. AF 33(61633729.

Thn materxal reported here covers the vaponzatzon cycle and
thermodynamic properties of JP-4, RJ-1 and a special fuel designated
JP-6-H. This data represents results of completed studies.

OBJECTIVE

Studies were made under this pax?t of the program for two basic reasons:

1) The determination of vaporization characteristics of a
JP-4, a special JP-6, and an RJ-1* fuel as a function of
pressure level. If possible, the pressure range of 0 to 200
psia was to be covered. It was also desired to determine
the specific gravity and molecular weight of these fuels as
a function of per cent vaporized, and the variation of these
physical properties with pressure level.

2) The determination of enthalpy, entropy, specific heat, and
heat of vaporization of the three fuels listed, as a function
of temperature and pressure. ‘As much of this information
as possible was to bé presented in the form of enthalpy-
entropy diagrams.

* Formerly designated Shell UMF, Grade C
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SUMMARY

>0b)ect1ves 1 and 2 were studled A brief summary of the results
achieved and the determinations ‘made is ngen in the followmg para-
graphs,

‘Objective 1

The experxmental vaporxzatmn work was accomphahed using eqmpment
(See Figure 4§ ') designed to obtain a minimum of reﬂuxmg such as
would be experienced in aircraft fuel tanks in which fuel was being vapor-
ized. Results are shown in Figures 4b through §4, These figures incJude
calculated equilibrium vaporization curves and ASTM distillation curves
for comparison w;th the minimum reﬂux vaporization data.

Objective 2

Experimental specific heat results are shown in Figures 55 through 57.
As expected, the liquid specific heat follows the C = A + BT typerelation
where: C represents specific heat, A and B are constants, and T

- represdents temperature.

The enthalpy, entropy and heats of vaporization of each of three fuels
studied, were computed using empirical correlations plus experimental
distillation and density data. Enthalpy - temperature plots in the 0°to
900°F range with pressure as a parameter are shown in Figures 58

through 60 Temperature - entropy plots in the same temperature range
with enthalpy and pressure parameters are shown in Figurés 61 tfrcugh 63.

METHODS, EQUIPMENT AND PROCEDURES

Minimum re flux vaporxzatxous of the three test fuels were accomplished
in the test cell shown in Figure 45, The fuel vaporized was contained
in the inner tube. A heating medium {Ondina oil) was circulated through
the annular space between the tubes. This method of heating was chosen
in order to maintain the inner tube close to an isothermal condition.
Temperature stabilization prevented condensation of vaporized constitu-
ents and kept refluxing to a minimum. The only area where refluxing
was possible was in the exit tube. A capillary tube of minimum length
was used to minimize the effects of this refluxing.
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Pressure was manually controlled by a valve in the exit line and was
monitored by means of a pressure transducer. The temperature was.
monitored using thermocouples.- Condensation of the vaporized products
was accomplished by means of a wet ice bath. Constant evaporation
rates were not maintained since this factor does not affect the scparation
efficiency of the test apparatus, providing the evaporation rate is not
sufficiently rapid to cause liquid entrainment. Several tests were con--

vdu‘cted to verify separation efficiency. .

Fractxone were collected in ten per-cent-by-volume increments at each
of the pressure levels. The initial and final temperatures were noted.
The density of the collected fractions was measured x.smg a cals‘)rated
pyncnometer and a precmxon analytical ba)ance.

Molecular weight determinations were made for each of the fractiona.
Freezee-point depression methods, with benzene as a solvent, were
used to make these determinations.

A Gomparison Calorimeter, shown schematically in Figure 64 was
used to determine the liquid specific heat of the three test fueis.
For detailed information concerning the use of this calorimeter see

“Reference No. 1. In addition to the physical analyses and ASTM

distillations, vapor pressure vs temperature, and density vs temperature
tests were made on the fuels. Specific volume techniques and the
Specific Volume Apparatus shown in Figire 65 were uscd to make
the density vs temperature determinations.

The Specific Volume Apparatus, slightly modified, was used to measure
vapor pressures. A vacuum pump and the liquid nitrogen condenser in
the Specific Volume Apparatus were used to de-aerate the fuels. After
fuel de-aeration, the vapor pressure was measured at varlous points in
the 50°F to 500°F temperature range by means of a pressure transducer.
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ENTROPY AND ENTHALPY CALCULATIONS

The Entropy and E‘nt‘halpy charts presented in. Fxgure' - 58 through
‘ Fxgure 63 were calculated in the followmg manner: _

From the ASTM plots of the fuels tested, the equihbrium vaporization
curves were obtained (method of Edmister and Pollock, see Reference
2). The information obtained was extrapolated to low pressures.
Liquid enthalpxea were computed using basic thermodynamic relation-
ships and Cragoe's empirical relation for specific heat {(Reference 3).

dH = CpdT - - m
2
Ht = HO + deT
c. - 0.388+0. 00045T o
L = f,o.s (3)

- Assuming a datum temperature of 0°F i.e. , H°= O at 0°F, substituting
{3) and integrating nges

H = 0. 388T + 0. 000255T 2

0.5 4
Y A (4)
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Evaluation of Equation (4) at various temperature levels results in
enthalpy values. These values when plotted, result in points from which
the saturated liquid line of an enthalpy temperature chart may be drawn,
Toobtain the saturated vapor line and complete the phase envelope, heats

_ of vaporization must be determined. R '

Heat of vaporization is defined as the enthalpy difference between the
‘saturated vapor and saturated liquid at constant temperature. For the
fuels studied here, this constant temperature is assumed to be the
mean average boiling point. Correlations such as those shown in
Appendix A (Part V, Supplement V of this Report) were used to obtain
the heats of vaporization at one atmosphere and at the mean average
boiling point. Heats of vaporization at other temperatures were obtained
using the correlation of Watson(see Reference 4).

0.38
S (T, - T) i
N T [(To- Ty
(5)
The A function is the ratio of the heat >f vaporization at the

A

desired temperature to the heat of vaporization at the mean average
boiling point. The addition of the heat of vaporization to the enthalpy
of the saturated liquid at the mean temperature, results in the enthalpy
of the saturated vapor. :

HSV

[}
e
r
+
o+

Hy | (6)
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A similar procedure is used to calculate the per cent vaporized lines,
Since the enthalpy i{s normally plotted on a weight basis and the per cent
vaporized on the equilibrium vaporization curve on a volume basis,
suitable corrections must be made, To make the corrections for Fuel A,
density measurements from experimental minimum-reflux vaporizations
were used. Knowing the mean temperature of the fuel at different
percentages of vaporization and the enthalpy envelope, allows the evalua-
tion of enthalpy change for each of the percentages vaporized. In this

. statement the mean temperature is presumed to be the arithmetic average

boiling point of the fractxon, i.e.,

T r T |
2 + ) i ;
~£0 0 T _an 20-40 = > , etc.

’ Tmeah 0-20 =

Ir. the case of narrow boiiing’ range fuels, such as fue!s B and C, these
corrections are negligible. ' '

At the mean temperature, the heat of vaporization is obtained for the one-
atmoiphere curve using the enthalpy differential between the saturated
vapor and saturated liquid line. If the enthalpy of the twenty per cent
fraction is being computed, twenty per cent of the enthalpy differential
is added to the liquid enthalpy at the end point temperature; at forty per
cent, forty per cent of the differential is added, etc. At another pressure
level the assumption is made that the ratio of the enthalpy increments,
for any fraction, will change as the ratio of the total enthalpies change.

H, @ie.7 _  AHz0.40 @ 14.7
Hy ep AH20-40 @ p

I the region being investigated is not near critical conditions this is a
reasonable assumption. The enthalpy of the saturated vapor is equal to:
1) the summation of the liquid enthalpy {at the initial boiling point}), and
'2) the enthalpy of vaporization of all increments.
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s

H.v-‘= H_ + AH AH

AHyo 60 + ,‘“Hbo-so *

AHgo 100
: (7)

L 0-20 % AHy0 40"

To evaluate the specific heat at constant pressure of the vapors in the
superheat region, the residual method of Deming and Shupe(References
.5 and 6), plus generalized compressibility and specific heat charts,
were used. : S E

| RT SRR S
q(z P -V (8
(_LY_) . R (_L-_c_)
AT =P 3T
P P )
89, - (59
C Tz‘p A\ T/ p (10)
2
o T 9 vV
C z - —
e o - (a T_,_)P i
p° | (L)
: PV \ ,
z = RT B | (12)
ZRT ,
v o= ‘P , - (13)
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‘RT ZRT " RT

= —=- = -—-(1 Z) ;
- F F (14)
. » 2 v . v |
The second differential —5——;2 was evaluated from Equation (14)

P
by double graphical differentiation at vériou_s pressure levels. Graphical

_ integration of the results and substitutiqn into Equatjon {11) gives the
correction to the specific heat due to pressure.

As before, the enthalpy change due to increasing temperature is the
integral of the specific heat equation. In the case of the vapors, to
simplify calculations, use of the mean specific heat was made.

AH = Cp nean(8TH | (15)

The mean specific heat was taken as the arithmetic average over a_
small temperature increment. The AH value computed then was
added to the saturated vapor enthalpy and the enthalpy-temperature
diagram was completed.

Entropy‘computations were based also on a datum of 0°F. The
thermodynamic relationships used were :

deT
ds = £ . | |
' (16)
dH . . ’
ds = — | , . O
WADD TR 60-767 N 101




To compute the saturated liquid line on the temperatu re-fentropy ch:irl,
- the Cragoe equation was substituted in Equation (16) The equatjon
" was then integrated resulting in

s = ;‘-}-—5— 0.181 (In T3 - ln 460)+ 0. °°°45’Tz 460)J

18)

' This equation represents the saturated liquid line.

The temperéture-entropy charts presented, (see Figures 61 through
63 were derived from Equaticns(m) and (17) using the values of

change-in-enthalpy presented in the temperature-enthalpy rharts See
Figures 58 through 60.

In the superheat region each temperature, substituted in Equation (16),
was the arithmetic average which cloaely approximates the mean over
" the amall increments. taken, :

Critical constants were determined using correlations contaired in

Part V, Supplement V. Data in the vicinity of the critical regwn were
obtained by ext rapolation. : '

D ISCUSSION

A study of the vaporization c'yclé and thermodynamic properties of

three test fuels, a JP-4, a special JP-6-H and an RJ-1® was completed.

The research study results are contained in the data presented in this
report and concludes the inveastigation.

The RJ-1 fuel tested is in effect a Shell UMF Grade C and conforms to

specification MIL-F-25558. Both the JP-4 and the RJ-1 test fuels
appeared to be representative samples. The JP-6-H test fuel meets
specification MIL-F-25656. This fuel is considered special because
of the very narrow boiling range. Typical JP-6 fuel boils from 280°F
to 530°F. This JP-6-H boiled from 328°F to 405°F. The physical
properties of the test fuels are discussed in the following paragrapkhs.

* Formerly designated Shell UMF Grade C.

1
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- mcreaamg temperature is nearly linear until approximately 300°F.

follow the normal trend for hydrocarhon fuels. Fuel A follows the

‘Minimum reflux distillation data at 14. 7 psia (see Figures 4f-48

The equilibrium vaporization curves have been included for additional

Teat Fuel A (JP 4) and Test Fuel B(RJ- ) were purchased from the
Shell Oil Company. Test Fuel C (JP-6-H) was provided by Wright
Air Development Center, The ASTM distillation plot of the JP-4 fuel
shows a rather stecep rise in the initial ten-per-cent-distilled range.

Figures 66 through 68 show the variation of specific gravity with
temperature. For fuels A, and C the decrease of density with

Fuel B shows a linear change of density over the entire test tempera-
ture range (0F to 500 °F).

The liquid specific heat plots, ‘shown in Figures 55 tkrough 57

equation C = 0,472 + 0.0005T; Fuel B follows the equation C = 0. 420
+ 0.00044T; and Fuel C follows the equation C = 0. 468 + 0. 00049T.

Each of the fuels demonstrates the normal petroleum-vapor-pressure
characteristics, i.e., plotting vapor pressure versus temperaturg on a
Cox chart results in a straight line. See Figures 69, 70 and 71,

when compared with ASTM.distillation data (Figures 72-7} shows

the effect of reflux on the vapor product. Minimum reflux distillations
have a considerably higher initial boiling point and a somewhat lowe'r
end point than ASTM distillations, . This is due to the effect of reflux.

In aircraft flying at speeds sufficient to cause boiling in the fuel tanks
due to aerodynamic heating, the conditions in the tanks will clesely
follow those of a minimum reflux distillation. This statement is
predicated on the assumption that the tank is held at a constant pressurc.

Figures 49 through .84 shoxv the variation of density and mole-
cular weight as a function of the fuel fraction vaporized for minimum
reflux distillations. The fuel fraction vaporized is plotted as volume
per cent. The variation between volume and weight per cent is neg-
ligible when the distillation range is 200°F or less. The plots of
molecular weight and density flatten out with increasing pressure, the
extreme occurring at the critical pressure.

information. See Figures 75 through 77 These curves show
the vaporization conditions ina tank where pressure has suddenly been
lowered without the loss of fuel vapor from the system.

WADD Tn 62-T797 163
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The vapor specific heat data shown in Figures 78  through 80

were computed from generalized Pressure~Volume-Temperature
(P-V-T) data and vapor specific heat correlations at one-atmosphere,
using the residual method of Deming and Shupe. See Reference 5, It
was assumed that deviations due to pressure Yelow 14.7 psia were o
insignificant. Therefore, the specific heat at 14,7 psia was used fcr
: Cp"‘ in the calculations, ' '

The temperature-enthalpy and temperature-entropy diagrams (Figures

58 through 63 ) were computed from ASTM distillation data and

numerous correlations. The calculations involved are described in

this Supplement in paragraphs entitled 'Entropy and Enthalpy Calcula-
tions’. Th'e'ae’plotsb are most applicable to a closed fuel system frem
which liquid fuel only is supplied to the engine and where the fuel tank
vapors are not vented. In the case of a wide cut distillate where the
tank is vented or vapors are supplied to the engine, the usefulness of -
the charts is limited. The degree of limitation depends upon the exlent
of vapor removal from the fuel tank. A numter of enthalpy-temperature
and entropy-temperature curves can exist for the same initial fuel. The
manner in which the fuel is vaporized will determine the curve. [t is
pointed out that changes in fuel composition due to distillation vary with
pressure level. (See Figures 49 through 54 ). Therefore for
ultimate use, three dimensional charts (with the changé’ in composition
of the hydrocarbons added} should be constructed for specific applica-
tions. In lieu of a three dimensional chart, a series of charts covering
successive fuel residues is required to define enthalpy and entropy ‘
changes.

CONCLUSION

Although the information shown on the various plots included in this
report is valid only for the three fuels rested, certain generalizations
can be made. In the case of Fuel A, a representative JP-4 fuel, use of
the data for eatimation purposes in the design of systems and equipment
should be satisfactory. In the case of Fuel B, the deviation between
fuels of this type being minor, use of the data for most cases should be
well within normal engineering tolerancea. However, the data for Fuel
C should be treated with caution as it is not a typical JP-6. Fuel C is
classified as a ‘heart cut', i.e., a narrow boiling range fuel. '
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SYMBOLS
= Specific Heat BTU/1b °F
= 'Enthza‘lpy - B'I'U/ 1b
= Mecha.niéa.l equivalent o’f heat
= : Cha.xv'acteriziatio'n factor
= Molecular Weight
| ?resqure :-‘ psia

= Heat of Combustion BTU/1b

Gas cpnatant - 10. 73 psia, 'ft3/°R. lb-mole .
= Entropy - BTU/1b °F.

o= Temperature - °F or R

Volume - .ft3

N €« W u m D W i,n'tn m a
]

- Compresasibility fa ctor

WAID TR 60-767 106




' Volixme re sidual'

o
A Inctcn'ient

A= Heat of v;porizafion - BTU/Ib*
v |

= Density at 60°F o

SUBSCRIPTS AND SUPERSCRIPTS
c = Critical |
k = Normal mean avberabgevtyemperature ‘
L = Sat;u-_ated liquid |

m = Mean

©
1}

Constant pressure

e ]
[}

Reduced conditions
~8v .=  Saturated vapor

. = Total

<
[]]

Vaporization
0 to 20, 20 to 40, etc. = 0-20%, 20-40% Fractions
1 = Initial condition

2 =  Final condition

* H, Also used to indicate heat of vaporization.
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PART 1v

VAPORIZATION CYCLE AND THERMODYNAMIC '
PROPERTIES OF DECALIN

'INTRODUCTION

A report, Ing. Er. 232, a study of the thermodynamic properties
“of decalin was fourth in a series of Interim Reports Each of the Interim
Reports was offered in partial fulfillment of a research contract
- conducted under United States Air Force Contract AF 33(616)3729

The results contained in Part IV of this report Ing. Er. 234, are
concerned with the completed study of the thermodynamxc propernes of
"~ decalin.

OBJECTIVE

The purpose of this phase of the program was to determine the thermo-
dynamic properties of commercial dec:lin. Emphasis was placed on
the preparation of enthalpy-temperature and entropy-temperature
diagrams. In addition to the thermodynramic propertics such as specxfxc
heat, vapor pressure, and ASTM distillation; the effe ct of pressurc on
the applicable properties was to he determmed

SUMMARY

Decalin, or more precisely, decahydronapthalene, is a hydrocaibon.
Decalin possesses mahy characteristics which make it excellent for
use as an aircraft fuel, at elevated temperatures. It has a relatively
high boiling point and should be thermally stable to temperatures
approaching 800°F. The commercially available product consists, in
the main, of a mixture of the cis and trans isomers along with a small
quantity of impurities. The boiling range is approximately 30°F as
determined by an ASTM distillation. (This represents a liquid temper-
ature range of approximately 106°F.) ‘ '
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Some information is available in the literature References 1 thfough -

7. Where feasible, this information was used to corroborate and
complement experimental work done by the West Coa st Laboratory of
Thompuon Products, Inc. S

The thermodynamic charts presented in this repcrt were derived in

_ the manner described in Supplement III of this report, with a few -

minor mod1f1catxons.
' DISCUSSION

The test fuel, commercial decalin, was supplied by Wright Air
Development Center (WADC). Figure 81 shows the distillation plot

of the fuel as determined by ASTM method D-158-54. It should be
realized that in the ASTM method, vapor temperatures are measured.
This being the case, superheatmg of the vapors occurs quite easily,
giving rise to the comparatively wide variation in boiling range. Although
a distillation range of 32°F is shown on Figure 81 the boiling range using
liquid temperatures as the criterion, shows a range of approxxmately

10°F.

The effect of temperature on specific gravity is shown in Figure 82,
Up to approximately 400°F the densxty decrease is linear with mcreasmg
temperature.

A plot of specific heat is shown in Figure 83. This plot is typical of
the hydrocarbons and can be described mathematically by the expression
Cp =0,350+6.2 x10°4T where T is °F and C is BTU/Ib°F.

Flash vaporization curves, See Figure 8l were determined using
the method of Edmister and Pollock (Reference 9). It is readily evident
that for all practical purposes, the test fuel can be considered pure.

Figure 85 1is a vapor pressuré plot. . It should be noted that it also

represents the bubble point curve on an Equilibrium Flash Vaporization
(E. F.V.) plot.
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The variation of vapor apecxﬁc heat with temperatx.re and pressure is
illustrated in Figure 86, The calculations were made using the
method described in Supplement III of this report with the exception that
C_°or the specific heat at one-atmosphere was evaluated from the
efithalpy-temperature diagram shown in Figure 87, (See the

- Calculations of this Supplement for additional information).

The thermodynamic charts, Figurés 87 and 88 were determined
by methods described in detail in Part III of this report, These
methods are abridged in the calculation sectlon of Part 1V.

Minimum reflux distillations were not performed on decalin due to the
narrow boiling range. The E. F. V. plot shown in Figure 85 reflects
quite closely what would occur during a minimum reflux distillation of '
- a fuel with a narrow boiling range, such as decalin.

For the same reasoni,e., narrow boiling range, the variation of
condensed vapor density and molecular weight as functions of per cent
distilled and pressure were not experimentally evaluated. The maximum
varjations in molecular weight would in all probability be 1% which is
roughly the limit of our present test equipment.. Condensed vapor
density would also show a maximum variation of + 1%.

Figure 89 shows the heat of vaporization. The apparatus shown
schematically in Figure 90 was used to determine the value at one
atmosphere. The relationship of K. M. Watson (Reference 8) was used
to evaluate the heat of vaporization over the range sho“n
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CALCULATIONS

T he mathemattca involved in the determmation of the thermodynamxc
properties of decalin are summanzed as follows: :

dH = C dT
p (1)
7! - r?
H = H + /c’ dT + AH_+ / c 4T
t Loy p-£
T° , T"» (2)
P 2
T [ v
C = C° - = = dpP
P-8 P-8 J / (5'1' .
p° . P (3)
C dT - o
® = 7 S (@)
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If further information is desired, the reader is referred to Part
III of this report. : : . A

For decalin the C

p. L value was determined from the relationship

c, = 0-3eg.2 x 1074 1
The value of C_° was determined by using equation (2) for the enthalpy

of the saturated vapor line in the pressure range below 14.7 psia and
a Cp g correlation given in Part V of this rsport.

T : _ T

C °dT=H -AH -H - [ C .dT
P t v o ..t p-L
° (.ro :

(6) .

All the terms on the right hand side of equation {6) can be determined
from the H-T chart. The C value thus determined, in the low

temperature, was checked against the uncorrected values given in the
correlation. A suitable correction factor then was determined. This
method was utilized in place of the UOP K correction factor which is

not as suitable in an application concerned with pure compounds.

Heats of vaporization were determined both experimentally and by the
use of correlations where data was not available. ‘
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S YMBOLS

C =  specific heat

X
"

enthalpy .

'J = mechanical equivalent of heat

K = characterization factor
P = pressure
S = entropy

T = thermodynamic temperati;re

-V =  wvolume

SUBSCRIPTS AND SUPERSCRIPTS

L = saturated liquid

g = vapor

p = co‘natant pressure

sv =  saturated vapor

t = at temperature T

v = vaporization

o = Dbase condition
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- “SPECIFIC GRAVITY =~ TEMPERATURE PLOY
o ‘k | FLUID  DECALIN

DESIG  FUEL D
DATE 1-3-58

<)
-

SPECIFIC GRAVITY

0. 5 e

0 100 200 300 400 500
o 'TEMPERATURE °F

FIGURE 82. VARIATION OF SPECIFIG GRAVITY WITH TEMPERATURE
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Flgure 90 - Schematic of Heat of Vaporization Test Apparatus
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GENERALIZED THERMODYNAMIC AND PHYSICAL
PRO PERTIES OF PETROLEUM TYPE FUELS

INTRODUCTION

The re have been numerous articles in the literature describing various
-physiochemical properties of hydrocarbon fuels., For this information
to be of practical use to industry however, it was desirable to have

the material condensed and compiled in a form similar to a handhook.
The data presented in this © « Part -V fulfills such a function.

Much of the material contained in this report was previously issucd as
Section II of Engincering Report No. 206 prepared by the West Coast

. Laboratory of Thompson Products, Inc., Inglewood, Calif. ING. ER. 206
. was one of a series of Interim Repcrts iss.ied under United States Air
Force Contract No. AF 33(616)3729. This revised Part V,

contains empirically derived correlations necéssary to determine
generalized thermodynamic and physical properties of petroleum type

fuels. The material contained in Part V completes the study of
physiochemical propertles of selected military fuels.

OBJECTIVE

This generalized stixdy of thermodynamic and physic&l properties of
petroleum type fuels was made for one basic purpose:

1) The determination of the availatility of generalized
thermodynamic information on hydrocarbon fuels, by
means of a literature survey. Any reliatle information
obtained was to be presented as part of this report.

SUMMARY

All reliable information that could be obtained related to generalized
thermodynamic and physical properties of petroleum type fuels is '
presented in this report. A compilation of charts and nomograms has
been included. These charts and nomograms were obtained from an
extensive literature survey. They present what is believed to be the
most accurate correlations of the physical properties of hydrocarbon
fuels available. In some cases, the original charts have be en modified
slightly to conform to the limitations of the fuel types being investigated.
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'DISCUSSION OF PHYSICAL DATA

The charts presented in this report are a collection of easily used
correlations, covering the physical properties of petroleum-type
aircraft fuels. The data collected from an extensive literature survey,

-were compared and analyzed., A comparison of this data with available
test data then was made. In cases where conflicting information was

found, the source which best approximates thc average has been pre-
sented, ’ S

In some instances a number of methods for predicting properties with
varying degrees of accuracy are presented, In each case, greater '
fundamental knowledge of the fuel increases the accuracy of prediction.

All boiling points are referenced to an ASTM distillation.
The characterization factor used is defined as the produclt‘ of the cube
root of the molal average boiling temperature in degrees Rarkine ard

the reciprocal of the specific gravity at 60°F.

3

VT
molal average

K‘ =
. ' , /060

The volumetric average boiling point, unless otherwise defmed, shall
be taken as the arithmetic mean of the 10, 30, 50, 70, and 90 per cent
temperatures of an ASTM dxstxllanon

10 + T30+ Tso v T70 4 Ty
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‘GENERAL PHYSICAL INFORMATION AND PROPERTIES
DENSITY - GRAVITY RELATIONS
See Fxg\.re 91 :

Uamg this graph the specxhc gravzty at 60°F can be converted to
pounds per gallon, pounds per cubtc foot, or degrees APL =

VOLUMETRIC EXPANSION COEFFICIENT :
See Figure 92

Shown in thxs chart is the correction factor for the effect of temperature
on the liquid expansion of petroleum fractions. In general, the useful .
range of this chart is between 0°F and 300°F. The chart is also useful
in determining volume changes due to temperature as an alternate to

the use of density relationships. An example illustrating the use of

this correction factor follows: :

Problem:

.. Find the f3 inge in volume due to a temperature change of 75°F
for 100 ft” of fuel which has a 40° AP] gravity.

"Answer:
4.3 3
From chart ol = 4.74x10 ft /ft F

X xA TxV,

Change in Volume AV
S S .3
AV = 4.74x 10 x75x100 =3.555ft

VARIATION OF VAPOR PRESSURE WITH FUEL TEMPERATURE
See Figure 93 "l

Vapor pressure as a: functxon of volatility factor 1s presented on this
chart. Volatility factor is defined as the sum of the ASTM volumetric
average boiling pointJand the ASTM initial bmlmg‘pomt

MOLECULAR WEIGHT AS A FUNCTION OF BOILING POINT AND
GRAVITY
See Figure 9}

‘The plot shown in this figure presents a means of estimating the
average molecular weight of a petroleum fraction. The cstimated
deviation is plus or minus ten per cent.
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GENERALIAED P- V-T RELATIONS
See Fxgurc 95

" The usefulncss of this plot cannot be overemphasized. Nearly ali devi-
ations from idcality can be computed using the compressibility factor
indicated. Pseudo-critical temperature and pressure should be uscd

to determine reduced tempcrature and pressurc, Information on pscudo-
critical temperature and pressure will be found in paragraphs of this
Supplement entitled 'Critical Properties'. Data on rccduced conditions
greater than those shown in Figure 95  can be obtained from the
original source. (See Refercnce L) S

LIOUID ENTHALPY - SPECIF.C HEAT I\-OMO(JRAM
See Figure 96

If two conditions are known(tcmpc rature and :p( rcific gravity at 60°F),

" 'use of this information with the data plotted in Figure9p will permit
determination of the enthalpy (above 0°F), the gpecific heat, and the
gravity of liquid fractions. The maximum error estimated for this
plot is plus_ or minus five per cent. o
PROPERTIES OF PETROLEUM FRACTIONS NOMOGRAM
See Figure g7 ,

This nomogram is quite useful as a rapxd means of determu‘mg the
following propertxes of hydrocarbon fractions:

a. Gravity »

b. Carbon/ Hydrogen weight ratio
c. UOP 'K' Characterization factor
d. Aniline point . :
e. ~Latent heat of vaporization

f.  Molecular weight

g. Mean average _béiling point

RELATIONSHIP BETWEEN VARIOUS AVERAGE BOILING POINTS
See Figure 98

A knowledge of the volumetric avera'ge boiling temperature is required
to use the plot presented in this figure. The plot shows the relationship
of the other average temperatures to the volumetric averagc boiling
point,
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o HYL?OGEN comm'r OF HYDROCARBONS
See Fxgurc 99

This plot prcsents : 1) a means of estlmating the percentage of hydrogen
in a hydrocarbon fraction to be used in determining heating properties
and, 2) the solution of chemical reaction problems.

APPROXIMATE ('HANGF OF SPECIFIC GRAVITY WITH TEMPERATURE
See Fxgure 100

This plot provides information concerning the variation of specific
 gravity with temperature in greater detail than the data plotted in
- Figure 4o

CRITICAL PROPERTIES

Numerous correlations have been based on the theory of corresponding

states; i.e., at the critical conditions, or proportion thereof, most

substances behave in the same manner. For example, the physical

properties of one substance at conditions having half the value of the

criticals are the same as those of another substance at the corres-
 ponding condition { relative to its critical condition).

Reduced Pressure - Ratio of a»ctual'pressure to critical
pressure (both absolute values)

Reduced Temperature - Ratlo of actual temperature to critical
temperature (both absolute values)

Mathematically - p = P
' : r P

c

T

Tr B T

[~

In the case of mixtures such as petroleum fractions, use of the actual
critical properties shows poor correlation with the theory of corre- -
sponding states. To improve the correlation, a pseudo-critical state

" wasg conceived which can be related to the true critical conditions. -
Thus, in the case of petroleum fractions, the reduced conditions are
gwen mathematxcally as follows:
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Po= =5 P = pseudo critical pressure
' T pe pc v - o
T = —E- N ,
- Tr T o T . = pseudo critical temperature

pc . pc

_ In this Section plots of focal temperatures and presaures are shown,

Although these functions have no theoretical basis, they have been
‘derived as an empirical means of determining the equilibrium vapor-
‘{zation characteristics of petroleum fractions. ' The focal temperature
and pressure represent the point on a Cox chart to which the various
vaporization percentage lines converge. Knowledge of the equilibrium
vaporization characteristics at some pressure plus the focal point,
allows the estimation of the equilibrium vaporization characterxatu:s
at other pressure levela. ‘

CRITICAL PRESSURE
See Figure 101

In order to determine the critical pressure, a knowledge of the ten-to-
ninety per cent slope of the ASTM distillation curve along with the API
gravity of the fraction is required. In the example shown on the plot,

a fuel having a volume average boiling point of 276°F, a gravity of 60°
and a ten-to-ninety per cent 810pe of 3. 0 would have a critical pressure
of 496 psia.

PSEUDO-CRITICAL PRESSURE
See Figure 102

-This plot is straightforward, requiring a knowledge of only the mean

boiling temperature and the API gravity.

FOCAL PRESSURE
See Figure 103

Knowledge of the critical pressure is required for the determination of
focal pressure from this plot. The value obtained from the ordinate
is the difference between the focal and critical pressures, thus

= -P)
P = P+ (P~ P
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CRITICAL TEMPERATURE
See Figure 104

The difference between the cntxcal temperature and the volumetr;c
average boiling point is plotted as a functmn of gravity and volumetnc ‘

average bouing point.

PSEUDO-CRITICAL TEMPE. RATURE
See Figure 105

~ This plot is etraxghtforward requiring a knowledge of only the molal
average temperature and the API gravity.

VFOCAL TEMPERATURE
See Figure 106 -

Knowledge of the cntxcal tempera.ture is requxred for the determxnatlon
of focal temperature from this plot. The value obtained from the ordi-
nate is the difference between the focal temperature and the critical
temperature, thus

Te = Tt (T T

LIOUID SPECIFIC HEAT

The values of specific heat given in this Part V are shown in.
three plots. The difference in the plots is the degree of estimated
accuracy. If K factor and API gravity are available, the plot shown in
Figure 107 is recommended. :

LIQUID SPECIFIC HEAT AS A FUNCTION OF K FACTOR AND
GRAVITY AT 60°F. ‘
See Figure 107

The estimated a¢curacy of this plot is i two-per-cent for petroleum
fractions similar to aviation fuels.
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APPROXIMATE LIQUID SPECIFIC HEAT AS A FUNCTION OF GRAVITYX.
See Figure 108

This plot is based on a 'rule of thumb' équaition

andisa ¢ ten-per-cent estimate of 3pec1f1c heat for use in cases
where only the densxty of a fraction at any temperature is known.

LIQUID SPECIFIC HEAT AS A FUNCTION OF GRAVITY AT 60°F
See Figure 109

The accuracy of this plot is estimated at 3 five-per-cent for a wide
variety of petroleum fractxons. The plot is based on Cragoe's equation,
Reference 2, o '

VAPOR SPECIFIC HEAT

There appears to be some differences between various investigators
regarding the values of vapor specifi. heat. . The specific heat plots
presented herein represent the best ave'rage of eight correlations.

VAPOR SPECIFIC HEAT AT ONE ATMOSPHERE PRESSURE
AS A FUNCTION OF K FACTOR AND GRAVITY AT 60°F
See Figure 110

If the gravity and K factor information is available, this plot should
provide data with an accuracy estimate of plus or minus two per cent.

VAPOR SPECIFIC HEAT AT ONE- ATMOSPHERE PRESSURE
AS A FUNCTION OF GRAVITY AT 60°F
See Figure 111

In cases where only gravity is known, this plot can be used with a
resulting accuracy approximating plus or minus five per cent.
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PRESSURE CORRECTION FOR MOLAR HEAT CAPACITY OF GASES
: See Figure 112

‘The effect of pressure on the Specific heat at constant pressure is
given on this chart, The correction factor is the difference between
the specific heat at a pressure sufficiently Jow for the gas to act
ideally and the specific heat at the pressure in questxon (with both
quantities in molar ‘units). The correction is added to values obtained

from F;gures 1Mor 111after making the proper unit conversion,

GENERALIZED HEAT CAPACI TY DI FFERENCES
_-See Flgure 113

- The difference between the specific heat at constant pressure and
constant volume is shown on this chart, - Here a.ga_m the quantities
are in molar units, ' ' o '

HEAT OF VAPORIZATION

The term heat of vaporization is quite ambiguous when applied to
mixtures. The usual definition of heat of vaporization is the heat
required to vaporize a unit quantity of liquid at the boiling point. This
definition requires some modification for use with a mixture having a
range of boiling points rather than a single boiling noint. The values
given in the plots in this section are the heats of vaporization assuming
that the whole material boiled at the mean-average-boxlmg-pomt of an
ASTM distillation.

In effect, the heat of Vaporization, as referenced in this discussion,

is the heat required to vaporize a unit quantity at the mean average
temperature with varying pressure. The H obtained in this manner
is less than the heat required to vaporize a unit quantity at one-
atmosphere. The difference between these H values xm.reases as the
boiling range becomes wider.

Heat of vaporization of a fuel as presented here can be viewed also as
the difference in enthalpy at constant temperature between the zero
and the one-hundred per cent vaporized curves, If the enthalpy envel-
ope is available, the heat of vaporization at constant pressure can be
determined by obtaining the difference between the enthalpy at the one-
hundred-per-cent-vaporized line (at the end point temperature) and the
zero-per-cent-vaporized line (at the initial boiling point).
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HEAT OF VAPORI?ATION AT ONE- ATMOSPHERE PRESSDRE
AND MEAN AVERAGE BOILING POINT
See Figure lu ‘ :

The plot can be used if the mean average boiling point is known and the
molecular weight or the API gravity. It is recommended that the
correlation be based on experimental molecular weights, See the plot
illubtra'ted in Figure 97 for an additional correlation, o

LATENT HEAT NEAR THE CRITICAL TEMPERATURE
See Figure 115

At the critical temperature, the latent heat of vaporization is zero. _
The latent heat of vaporization changes abruptly in a few degrees below
the critical (approximately 50 BTU/1lb. in 50°F). The plot presented
covers only the area near the critical temperature. : '

In order to use this plot, a knowledge of the critical temperature and
characterization factor is required. The family of curves shown cn the
plot are for critical temperatures of 450, 500, 559, 600, 650, 700, 750, ‘
800, 850, 900, 950, and 1000°F. Interpolation for curves having critical
temperatures at the values between the limits of 400°F t<. 1000°F can

be made because the latent heat is zero at the critical te mperature. For
example

The heat of vaporization ~t 650°F, of a fuel having
a K factor of 11. 0 and a critical temperature cf
675"15‘ would be 54.5 BTU/Ib.

HEAT OF VAPORIZATION CORRECTION DUE TO TEMPERATURE
See Figure 116

This correction is to be applied to the heat of vaporization data obtained
from the Nomogram shown in Figure g7  or the Nomogram shown
in Figure 114

For example:

A fuel having a mean average temperature of 400°F, a
critical temperature of 720°% and a molecular weight of 150,
would have a heat of vaporization of 122. 5 BTU/lb. (See

thg Nomogram shown in Figure ¢7 ) If the pressure were
increased such that, at the new pressure, the mean average
temperature was 500°F, then the latent heat would have to

be corrected. From the plet shown in Figure 116
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T - T, = 720 - 400 = 320°F. T_- T = 720°- 500°= 220°F.

'The heat of vaporization at 500°F 18
/\/Ak' * Hv @ 1 atm

(0. 86) x (122, 5) = 105, 35 BTU/1b,

H

H

 ENTHALPY

The heat-content property of pevtrole'um fractions is obtained by inte-
" grating the specific heat equation over the temperature range desu-ed
‘Normally the datum is takenas H = 0 at 0°F.

" 'HEAT CONTENT OF PETROLEUM FRACTIONS
' See Figure 117

In the plot shown in Figure 117  the enthalpy of the liquid is
assumed to be zero at 0°F. A typical example is illustrated in this
plot which shows the method for determmmg corrections due to K
factors other than 12. 0 and pressures above one-atmosphere.

HEAT OF COMBUSTION

Both gross and net heats of combustion plots are illustrated in the’
figures applicable to this topic. The difference between the gross
and net heat ia the heat of vaporization of the water formed due to
combustion of the hydrogen present, Only the net heat is of practical
significance in normal usage.

- GROSS HEATS OF COMBUSTION
‘See Figure 118

Knowledge of the API gravity and K factor gives the gross heating
value. '

NET HEATS OF COMBUSTION
See Figure 119

The plot of this figure is similar to the plot shown in Figure 118
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V ISCOSITY

Both vapor and liquid viscosity correlations are included in the dis-
cussion of this topic. Liquid viscosities are given at 100°F and 210°F,
the standard temperatures in general use by the petroleum industry.
_For values at other temperatures, graphical extrapolation or mterpol-—

ation on the special vincosity chart paper of the Bureau of Standards '

is recommended :

ABSOLUTE VISCOSITY OF HYDROCARBON VAPORS
AT ONE-ATMOSPHERE
~ See Figure 120 o

Vapor viscosities in centipoise are shown as a function of molecular
wexght zn this figure. :

.KINEMATIC VISCOSITY OF HYDROCARBON VAPOR?
AT ONE-ATMOSPHERE
See Figure 121 :

In this figure, vapor viscosities in centistokes are ¢hosen as a
function of molecular weight.

VISCOSITY OF GASES AT HIGH PRESSURE
See figure 1?2

The effect of pressure on the visco. .ty ratio (i. e., ratio of viscosity

at pressures above one-atmosphere to that at one-atmosphere) is

shown as a function of reduced pressure in this Figure. In correlations
of this type, the pseudo-critical pressure should be used for the
determination of reduced pressure. -

RELATION OF VISCOSITY AT 100°F TO CHA.RACTERIZATION
FACTOR =
See Figure 123

The average boiling point shown by the plot in this Figure is the molal
average. Use of this plot is straightforward. Knowledge is required
of the API gravity and either the molal average boiling point or the K
factor; viscosity can then be determmed.
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RELATION OF VISCOSITY AT ZIO°F TO CHAR.ACTERIZA.TION

FACTOR
Sée Figu.re 124

The average boihng point, as illustrated in this Flgure, is the molal
average. The factors applicable to the plot shown in Figure 123
‘also apply to this plot. Knowledge is required of the API gravity and -
either the molal average boxling point or the K factor, viscosity can
then be determmed
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 APPENDIX 1

The correlations found in this“Appcndix were compiled and cross
checked in part by the emrpirical relationships outlined in the following
paragraphs, . T :

LIQUID SPECIFIC HEAT

1.

Watson, Nelson and Murphy. Industrial and .Enginecring‘Chcmis-

try. Vol. 25. 1933, p 880.

cp = 0.6811 - 0.3082+ T (0. 000815 - 0, 0006306P) (0. 055K + 0. 35)
2. Cragoe. Bureau of Standards Misc. Publication No. 97, 1929 |

c = — (0'388:, 0 060451‘

P L 0.5 e o - )
3. Fortsch and Whitman. Industrrx'al and Engincering Chemistry,

Vol. 18. 1926. p 795. : a

c = (210 - P) (T + 670)

p 2030
4. Shaff. Chemical Processing. March 1955. p 90.

c .= ———3—?— + 0.000389T - 0. 0229
5. Unknown

c 0. 41

P Vo
/ax = Specific Gravity at the temperature
the specific heat is desired.

6. Watson and Fallon. National Petroleum News, June 7, 1944. p R372.

‘ | -6 o, o o : -6

cp = [0,355+ 1280 x 10 ~ (°API)| + [503+ 1.17 (°AP])} =10 T
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7.

8.

9.

C

10.

Goldstern, Petroleum Zeitachrift, Vol. 32 No. 36, 1936. p 1.

0. 402 + 0. 00045 (T - 32)
0.5

C =

P P
Mullins, ,Journa.‘l Institute of Pgtroieum. Vol. 33, 1947. p 44,
C, = 0.0009T - 0.499 + 0.856

where T .i‘u in °Centig:ade

 Gaucher. Industrial and Engineering Chemistry, Vol. 27,

1935, p 57, o
. 0:623-0.0187(T)” . 0.000355(T) , 5 noo4s (T - 492)
P F3/z ; . 3
o p
where

T is fno_lal average in ‘R

Gaucher, Industrial and Engineering Chemistry. Vol. 27, |
1935, p 57,

2

G = 1.323- 0.2005K + 0,0107K" + 0.00045 (T - 32)

p .

SPECIFIC HEAT OF VAPORS

) I

Bahlke and Kay. Industrial and Engineering Chemistry, Vol. 2l
1929, p. 942.

_f40-£P) (T + 670)
cp 6450

WADD TR 60-767 | 175




2, Bahlke und Kay, Induttrul and Engineerlng Chcmhtry. Vol. 21
1929, p942.

C, = (40-p ) % (0,109 + 0,00014T)

- where T is in ‘Centigrade.

3, Watson and'_ Fallon._' National Petroléurﬁ News. 1944, p R372.

C, = (0.0450K - 0.233) + (0. 440+ 0. 0177K x 10731 -
0.153 x 10°% 1%

4, Crago‘e.. Bureau of Standards Misc. Publication _No. 97._'1929.

c = 02.388+0.000457T 0. 09

L N

5. Sweigert and Beardsley. Experimental Station Bulletin 2,
- Georgila School Technological Engineering, 1938,

. 8.68+0.0889 (T + 460)
P MW

The kerosene vapors having molecular wexghta near 170 in the
‘temperature range -60 to 650°F,

6. Watson and Nelson. Industrial and Engineering Chemutry
Vol. 25. 1933, p 880.

. (4.0-2) (T+ 670) 40 12K - 0, 41)
P 6450
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' HEAT OF VAPORIZATION

1. KllthkoWlky. Zeifun'g Phyl'ik nnd Cl'.i'e‘milche, Vol, 107, 1923,
p 65, ' ‘ : ’ .

, 7.58T + 4.5 T log T,
v = . . . .
MW

where

'I'b' 'S mean l_.ﬁtlga boiling polgt.

2, ,Cugoe‘. Bureau of Stnndsr&l Misc, »Public‘at“io‘n No. 97. 1929,
_5, v

9

H s ——— (110.9-0,09T) x

TR

3. Trouton equation

20.5 T
H, * —uw
wheaerao

T i3 the molal average boiling point in Kelvin

4. Clausium Clapeyron aquation

“dp : - :
Hv " it~ X (Vg “ VL ) » T |
where
dP : . : X .
4T is the change in vapor pressure with temperature.

(Vg - V_ ) is the vapor - liquid volume difference per mole

T is the temperature in absolute units.

wADD TRV60-767 177




5

Goldstern, ‘P‘c‘trrolctiMZeité'chriﬁ.. Vol. 32, No., 36, kl93}6'," pl.

H 60 - 0. 05 ( 7-};)

A

HEAT OF COMBUSTION

1’

r

QO net = 22, 130+

1953,

where

A = aniline p‘oint'°F

" %he = pér cent sulphur

Cogliano and Jessup. Bureau of Standa rdé Report 2348. March
18, 1953, |

2,560
P o153

Rchbei-g and Jessup, Industrial and Engineering Chemistry.
Vol. 43. 1951. p 981. s . '

'Q = 17,944.94+ 0.1043 x (A x /2 )

Fein, Nelson and Sherman. Industrial and Engineering Chemistry.

Vol. 45. 1953. p 610.

. } . - 2
Onet = 17, 145.9 + 0.5155 (A x/2) - 0.69113 x 10" (A xP)°T

. - 3 ' .12
0.47772 x 103 (A x/2 ) - 0.1235 x 10 (axP)

Fein, Nelson and Sherman. Industrial and Engineering Chemistry.

Vol. 43. 1951. p 98l

Onet = 8, 505. 4+ 845, 81K + 114.92 2 + 0.121865 - 9. 951K /2.
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CRITICAL PROPERTIES

1. Roess. Journalof the Institute of Petroleum Technology. Vol. 22. .
1936, p 665. | | o | P R

4 2

T critical = 202.7+ 1,591a - 6,29 x 10" a°

where a /2 x (T volumetric average +100)

' SYMBOLS |

C = Speci fic Heat BTU/Ib °F.

H =  Enthalpy - BTU/Ib

J = Mechanical equivalenf c.;:f heat

K = Charavcterization factor

MW = Molecular Weight

P = Pressure - psia

Q = ‘I;Ieét of Combﬁstion BTL?/Ib

R = Gas constant - 10. 73 psia, ft3/°R, 1b-mole

S =  Entropy - BTU/Ib °F.

T = Temperature - °For R

v = Volume - ft3

Z = Compressibility factor
Volume reéiduai

R
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A = Increment
N Z Heat of vaporizaticn - BTU/Ib*

P = Density at 60°F.

SUBSCRIPTS AND SUPERSCRIPTS

¢ = . Critical
-k = Normal mean average temperéture'
L = Saturafed liquid |
m = Meanb
p = Cpristant pressﬁre
r = ﬁgduced conditicns
8Y = Saturated \;apqr
t = Total
v = Vaporiéation

0 to 20, 20 to 40, etc. = 0-20%, 20-40% Fract ons

. | = Initial condition

2 = Final condition

*H, Also used to indicate heat of vaporization.
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